Introduction
Non-diabetic forms of end-stage renal disease (non-DM ESRD), typically coded as hypertension-associated and secondary to chronic glomerular diseases, contribute to >40% of ESRD in African Americans. African Americans are particularly vulnerable to non-DM ESRD, having a 4-fold increased risk compared to European Americans. We [1] reported previously that African Americans are nine times more likely to develop ESRD if they have a family member with renal disease, even when access to healthcare, socioeconomic status, and increased prevalence and severity of hypertension in African Americans are considered.
In 2004, we [2] reported the first genome linkage scan for non-DM ESRD in African American families. This study identified evidence for linkage in four regions, 1q25.2, 9p21.3, 13q13.1 (with early onset ESRD) and 13q33. 3 [with increased body mass index (BMI)]. Within the linkage interval, there were several genes which may play a functional role in an increased risk for ESRD. For example, podocin (NPHS2), (1q25.2), has been investigated in our non-DM ESRD African American cases [3] . Another gene, klotho, (13q33.3) appears to be an ideal functional candidate gene for association with ESRD.
Klotho is a β-glucoronidase which is associated with longevity [4] , cardiovascular disease [5] , and calcium and phosphorous homeostasis in the kidney (reviewed in [6] ). Klotho is highly expressed by the kidney, and this expression is dramatically decreased in patients with chronic kidney disease [7] . Animal experiments have shown that increased expression of klotho in a rat model of renal disease resulted in improved renal function [8] .
Several studies have identified polymorphisms in klotho and association with a variety of phenotypes. Two studies have reported an association between a functional variant of klotho, known as KL-VS, and longevity in Caucasians and African Americans [5, 9] . KL-VS is also associated with cardiovascular disease in Caucasians and African Americans [10] . Two other variants, G-395A and C1818T, are associated with reduced cardiovascular disease rates in Korean women [11] .
Given the high incidence of non-DM ESRD in African Americans, the biological characteristics of klotho and the location of this gene near a linkage peak, we tested klotho for association with non-DM ESRD in African Americans.
Materials and methods

Sample collection
A total of 874 African American cases with non-DM forms of ESRD were recruited from dialysis centres in North Carolina, South Carolina, Georgia, Virginia and Tennessee. Patients were classified as having non-DM ESRD if they had hypertension or chronic glomerular diseases listed as their primary cause of renal disease. Cases confirmed the onset of high blood pressure prior to development of ESRD, in the absence of other risk factors for kidney disease such as diabetes mellitus. Hypertension-associated ESRD was typically diagnosed in the presence of proteinuria ≤1.5 g/day, urinalysis ≤100 mg/dL albumin or spot urine protein:creatinine ratio ≤1.5 g/g when available, with either EKG evidence of left ventricular hypertrophy or presence of hypertensive retinopathy. Chronic glomerulonephritis was diagnosed in those with kidney biopsy evidence or higher levels of proteinuria. Patients with polycystic kidney disease, Alport's syndrome, urologic disease or surgical nephrectomy were excluded. We also recruited 541 unrelated African American controls from hospital waiting rooms, churches and shopping malls in North Carolina. They were self-identified healthy African Americans born in North Carolina, age ≥18 years, and denying a personal or family history of kidney disease or diabetes in first degree relatives. Each participant provided 40 mL blood for DNA isolation. DNA was isolated from whole blood using an AutoPure LS automated DNA extraction robot (Gentra Systems, Minneapolis, MN, USA). Recruitment and sample collection procedures were approved by the Institutional Review Board at Wake Forest University.
SNP genotyping A total of 22 SNPs from the klotho gene were initially genotyped in the first set of 317 non-diabetic ESRD cases and 354 controls. Sixteen of the SNPs were chosen as tagging SNPs based on their ability to capture genetic information in the Yoruba samples from Ibadan, Nigeria from HapMap (www.hapmap.org) using the program Tagger (Haploview [12] ). Tagged SNPs had a minor allele frequency >0.1 and an inter-SNP r 2 value <0.8. We also identified nine coding SNPs, five of which were synonymous and 4 which were non-synonymous. Of these 25 SNPs, two SNPs, G-395T and rs564481 (C1818T), were included because they have previously been associated with longevity [4] and cardiovascular disease [5] . The SNP rs9536314 was also included because it defines the functional KL-VS variant. Genotyping primers were designed using the MassARRAY Assay Design 3.4 software (Sequenom, San Diego, CA, USA), and sequences will be provided upon request. SNP genotyping was performed using the MassARRAY genotyping system (Sequenom, San Diego, CA, USA). Of the 25 SNPs, one SNP failed the design, and two others were not included in the analysis because they had genotyping efficiencies <95%.
Following the first round of genotyping, a small number of SNPs were modestly associated in and around exon 4. Exon 4 and the surrounding intronic regions were sequenced, and an additional 12 SNPs were identified. These SNPs were also genotyped in the 317 non-DM ESRD cases and 354 controls for a total of 34 genotyped SNPs.
In addition to the SNPs in the klotho gene, we also genotyped 70 ancestry informative markers (AIMS) in all non-DM ESRD cases and controls to estimate the percentage of African ancestry for each individual [13, 14] . Individuals with <30% African ancestry as determined by the AIMS were removed from the study.
DNA sequencing
Exon 4 and the surrounding intronic junctions (∼1751 bp) were sequenced to confirm SNP genotyping calls and identify SNPs in high linkage disequilibrium (LD) with tagged SNPs. The region was sequenced in 96 non-DM ESRD cases and 96 controls from the first round of genotyping. PCR primers were designed to amplify regions ∼500 bases at a time and nested to provide a complete coverage of the region. Each 500 base region was PCR amplified, and the product was purified. DNA sequencing was performed using Big Dye Ready Reaction Mix on an ABI3730xl sequencer (Applied Biosystems, Foster City, CA). Sequence data was visualized using Sequencher software version 4.6 (GeneCodes Corporation, Ann Arbor, MI, USA). Primer sequences are available upon request.
Statistical analysis
Age, BMI, and percentage of African ancestry for the non-DM ESRD cases and healthy controls were compared using an unpaired t-test or a Mann-Whitney rank-sum test where appropriate (SigmaStat 3.5, SYSTAT software, San Jose, CA, USA). LD was determined using Haploview [12] , with haplotypes defined using the method described by Gabriel [15] . Departures from Hardy-Weinberg equilibrium (HWE) were tested for each SNP using chi-square goodness-of-fit statistics in our association analysis programme SNPGWA [16] . A SNP was considered out of HWE if the P-value was less than the Bonferroni-corrected P = 0.05/34 = 0.0015. The percentage of African ancestry was calculated for each individual from the 70 genotyped AIMs using the statistical analysis programme Frappe [17] . Tests for genotypic association were performed on each SNP individually and included adjustment for the proportion of African ancestry for each individual. The overall two degrees of freedom genotype test of association and the three a priori genetic models (i.e. dominant, additive and recessive) were computed using SNPGWA with percentage of African ancestry as a covariate.
We computed a series of Cox proportional hazard models and the corresponding likelihood ratio statistics to test for associations between klotho polymorphisms and age at ESRD onset (age of initiation of dialysis) in the cases. Here, age at ESRD onset was contrasted with the age of the controls at the time of enrollment, and controls had 'age at onset of ESRD' censored at age at enrollment. The hazards ratio (HR) and corresponding 95% confidence interval (CI) were computed. Tests for association and the estimates for the HR were computed with adjustment for gender, BMI and percentage of African ancestry. As discussed, the genetic models are defined relative to the minor allele frequency.
Expression data
Klotho gene expression data from Yoruban HapMap (www.hapmap.org) individuals were obtained from the publicly available database at the Sanger Institute (http://www.sanger.ac.uk/humgen/genevar) [18] . Genotype calls for the SNPs (rs526906, rs525014 and rs571118) were obtained from the HapMap website. We compared the relative klotho expression levels from individuals possessing the protective alleles (T/T/A) versus all other individuals using an unpaired t-test (Sigma Stat).
Results
Biometric data
As summarized in Table 1 , the controls were younger, had higher BMI and had a higher percentage of females compared to the non-DM ESRD cases. Mean percentage of SNPs that were identified in exon 4 and surrounding introns through sequencing. We also analysed an association at these SNPs using the original and replicate non-diabetic ESRD cases (n = 874) and controls (n = 541) combined. Genotypic association is shown after adjustment for proportion of African ancestry. 2 DF, two degrees of freedom test. P-values and hazard ratios (HR) are reported for the dominant, additive and recessive models both before and after adjustment for sex, BMI and African ancestry. Confidence intervals (CI) are reported for significant P-values. Alleles are shown with the major allele, followed by the minor allele (the minor allele was the reference allele for the association tests).
African ancestry ranged from 78 ± 11 to 82 ± 10, and was slightly higher in the replicate and combined collections of non-DM ESRD cases.
SNP genotyping
Initial genotyping consisted of 22 SNPs genotyped in 317 non-DM ESRD cases and 354 healthy controls. There was a modest evidence of an association between rs650439 and non-diabetic ESRD under the recessive model [P = 0.0135, odds ratio (OR) = 2.07, CI = 1.16-3.69, Table 2 ]. As this SNP is located near exon 4, this exon and its intronic junctions were sequenced to confirm genotyping calls and identify additional SNPs in the region (∼1750 bp). Twelve additional SNPs were identified in the region of exon 4 after sequencing and were genotyped in the same set of 317 non-DM ESRD cases and 354 controls. These SNPs were chosen to increase the coverage of the 3′ region of the klotho gene and were in linkage disequilibrium with the associated SNP based on HapMap genotyping of the Yoruban samples (www.hapmap.org). One of these SNPs, rs643780, was modestly associated with non-DM ESRD under the recessive model (P = 0.0131, OR = 2.08, CI = 1.17-3.70). The other SNP, rs17643689, approached significance under the two degrees of freedom test (P = 0.0953). A walking window two-marker haplotype analysis was also performed, and no significant association was detected at any two consecutive SNPs (data not shown). The LD structure of the klotho gene reveals eight haplotype blocks, all of which are relatively small, and the largest consisting of four SNPs (Supplementary Figure 1 , see online supplementary material for a colour version of this figure). The modestly associated SNP, rs650439, is not within any of the defined haplotype blocks, and there is no indication of strong LD with any other SNPs. The other two SNPs, rs643780 and rs17643689, are in a haplotype block with one other SNP, rs677332, at the 3′ end of the gene. Association analysis with this 3′ SNP haplotype did not reveal any evidence of association (P = 0.476).
Because the detected association and our sample sizes were moderate, we genotyped the most associated SNPs in a replicate collection of 557 non-DM ESRD cases and 187 controls. A total of 8 SNPs were genotyped in the replicate samples (Table 3) . One SNP, rs582524, deviated from Hardy-Weinberg equilibrium in the cases (P < 0.0001), but not controls, and none of the SNPs were associated with non-DM ESRD in these samples. We combined the genotype data from the initial set of samples as well as the replicate set and analysed for association in all 874 non-DM ESRD cases and 541 controls. None of the SNPs were associated with non-DM ESRD.
We tested each SNP for association with age at onset of ESRD using a Cox proportional hazard model. Tests for association with individual SNPs revealed significance at three SNPs (rs526906, rs525014 and rs571118; P = 0.004, 0.021 and 0.004, respectively) under the dominant model and modest significance at 5 SNPs (rs522796, rs9527032, rs564481, rs17643689 and rs582524; P = 0.034, 0.011, 0.036, 0.019 and 0.020, respectively) under the recessive model ( Table 4 ). The proximity and high significance of the three SNPs associated under the dominant model led us to perform the haplotype analysis for an association with earlier age at onset of ESRD (Table 5 ). Haplotype analysis revealed significant association with the T/T/A haplotype under the recessive (P = 0.007, HR = 0.70) and additive (P = 0.009, HR = 0.80) models. We attempted to replicate this association in the expanded set of non-DM ESRD cases (n = 557), using two of the three SNPs which compose the haplotype, rs526906 and rs525014 (rs571118 was not able to be genotyped in the replicate samples). This two SNP haplotype (T/T) was not associated with age at onset of ESRD in the replicate population (P = 0.89, HR = 1.01 and P = 0.95, HR = 1.00, recessive and additive models, respectively). When the case samples Table 5 . P-values and hazard ratios (HR) are reported for the dominant, recessive and additive genetic models. were combined, the two SNP haplotype was still modestly associated with age at onset of ESRD, (P = 0.042, HR = 0.838 recessive model; P = 0.058, HR = 0.903 additive model). When the Kaplan-Meier estimates are plotted versus the age at onset of ESRD, it is clear that cases that are homozygous for the T/T/A (4/4/1) haplotype have an average age at onset that is 4 years later compared to cases with the other four haplotypes, indicating later onset or slowed progression of kidney disease (Figure 1) . Kaplan-Meier plots were performed for the individual SNPs, and show a similar delay in onset of ESRD for individuals homozygous for the protective alleles (Supplementary Figure 2 , see online supplementary material for a colour version of this figure).
Gene expression
In the HapMap individuals, klotho gene expression was increased in individuals homozygous for the protective alleles (T/T/A) at each of the three SNPs, rs526906 (n = 24, P = 0.003), rs525014 (n = 37, P = 0.022) and rs571118 (n = 31 P = 0.075) (Figure 2 
Discussion
In this study, we tested SNPs in the positional and functional candidate gene klotho for an association with non-DM ESRD in African Americans. A total of 34 SNPs were genotyped in the initial collection of 317 non-DM ESRD cases and 354 controls. Three SNPs were modestly associated under the recessive model. We tested seven of the most associated SNPs in a replicate sample of 557 non-DM ESRD cases and 187 healthy controls. None of these SNPs was associated in the replicate set of samples, nor were they associated when data from the two collections were combined. In addition, haplotype analysis did not reveal any combination of SNPs which was associated with risk. The total sample size of 874 cases and 541 controls provided adequate power (>80%) to detect a significant association for odds ratios in the range of 1.35-1.63. Three of the SNPs chosen for analysis, G-395A, rs564481 (C1818T) and rs9536314 (KL-VS), were genotyped because they have been previously associated with a variety of phenotypes, including longevity, cardiovascular disease and osteoporosis. KL-VS is a haplotype variant which consists of two amino acid substitutions (F352V and C370S) and can be def ined by a single SNP, rs9536314. Several groups have associated KL-VS status with longevity [5, 9] , coronary artery disease [10] and bone mineral density [19, 20] . C1818T (rs564481) is a silent mutation located in exon 4. This variant is less well studied, but the T allele has been shown to be associated with a reduced risk of coronary artery disease in Korean women [11] and with bone density in European-derived and Japanese women [21] . G-395A is a promoter SNP that has been shown to be associated with cardiovascular disease in Korean women [11] and bone density in postmenopausal European-derived and Asian women [21, 22] . As bone mineral metabolism could be affected by renal calcium homeostasis, and cardiovascular disease has several vascular similarities to renal disease, these three markers were included in the study. Despite the ample Fig. 2 . Relative klotho mRNA expression from EBV-transformed lymphoblastoid cell lines from 60 unrelated Yoruba people of Ibadan, Nigeria from HapMap, segregated by genotype. Data for the three SNPs are shown, rs526906 (P = 0.003) (a), rs525014 (P = 0.022) (b) and rs571118 (P = 0.075) (c), comparing individuals homozygous for the protective allele to individuals with all other genotypes. Expression data were normalized using Illumina BeadStudio (Illumina Inc, San Diego, CA, USA) output as described in [18] .
evidence for an association of these markers and other phenotypes, we did not detect an association with any of these polymorphisms and non-DM ESRD in African Americans.
Despite the lack of evidence for a direct association of klotho polymorphisms with non-diabetic ESRD, it is possible that polymorphisms in the klotho gene may affect the severity of ESRD. Recently, Friedman et al. [23] demonstrated an association between the klotho SNP rs577916 and increased risk for mortality after initiation of haemodialysis in European Americans and Asians [23] , indicating that klotho may play a role in the severity of the disease. Therefore, we tested the 34 genotyped SNPs in klotho for an association with age at onset of ESRD in our initial case population (n = 317) and detected significant association at several SNPs. The most interesting association was with the three SNPs located in intron 1 of the klotho gene (rs526906, rs525014 and rs571118). The association of the individual SNP, rs526906, is stronger than the haplotype association, indicating that this SNP is driving the significant P-value. One weakness of this study, however, is that neither the individual SNP nor the haplotype association survives a strict Bonferroni-corrected association (P = 0.05/34 = 0.001), and the results, therefore, must be interpreted with caution.
We do not have klotho gene expression data for individuals in our study; however, there is data available from Epstein-Barr virus (EBV)-transformed lymphoblastoid cell lines derived from HapMap samples as part of the Genevar Project at the Wellcome Trust Sanger Institute [18] . Using the genotype data from these individuals, we were able to show that individuals homozygous for the protective alleles at all three SNPs (rs526906, rs525014 and rs571118) have increased klotho expression compared to individuals who are heterozygous or homozygous for the alternative alleles at these SNPs. As the associated SNPs are intronic, the genetic mechanism behind the increased expression is unknown. Functionally, klotho acts as a cofactor, increasing the affinity of the FGF23 ligand for the FGF receptor. FGF receptor binding initiates a signalling cascade that ultimately leads to increased renal phosphate excretion and reduced phosphate intestinal absorption resulting from lower levels of 1,25 dihydroxyvitamin D, thereby maintaining phosphate homeostasis [24, 25] . The expression data we have presented in this manuscript have been obtained from cell lines and not directly from kidney tissue, and therefore must be viewed with caution. However, we can hypothesize that patients with higher levels of klotho expression prior to the progression to ESRD may be protected by an enhanced ability to regulate phosphate homeostasis.
We and others have shown that polymorphisms in the non-muscle myosin gene (MYH9) are highly associated with non-diabetic forms of ESRD in African Americans [26] [27] [28] and account for 70% of the risk of non-diabetic renal disease in this population [26] . Because a high level of risk may mask additional association with other genes, we tested klotho SNPs for association with non-diabetic ESRD in high-risk cases and controls (individuals homozygous for the E1 risk haplotype in MYH9). We also tested cases and controls that were protected (had fewer than four E1 risk alleles). No evidence of an association was detected with non-diabetic ESRD in either of these groups (data not shown). Additionally, tests for interaction between the associated klotho SNPs and the MYH9 risk SNPs (rs4821480, rs2032487, rs4821481 and rs3752462) revealed no evidence of interaction between the two genes.
In summary, we have systematically tested the functional and positional candidate gene klotho for an association with non-DM ESRD in African Americans. While we failed to detect a direct association with the presence of non-diabetic ESRD, we were able to detect association of a three-SNP haplotype with age at onset of ESRD, indicating that klotho may be involved in the rate of progression of this family of kidney diseases. We were also able to show that this haplotype is associated with increased klotho expression, supporting a protective role of this gene in progression of ESRD. Although we were unable to specifically identify the causal variant in the klotho gene, this work provides important information in understanding how renal disease progresses to end-stage kidney failure in African Americans.
